The location of the critical end point (CEP) in the QCD phase diagram is determined under different scenarios. The effect of strangeness, isospin/charge asymmetry and an external magnetic field is investigated. The discussion is performed within the 2+1 flavor Nambu-Jona-Lasinio model with Polyakov loop. It is shown that isospin asymmetry shifts the CEP to larger baryonic chemical potentials and smaller temperatures. At large asymmetries the CEP disappears. However, a strong enough magnetic field drives the system into a first order phase transition.
I. INTRODUCTION
Presently the study of the phase diagram of QCD is the subject of both theoretical and experimental studies under extreme conditions of density and temperature. In particular, it is expected that the phenomenon of deconfinement occurs in relativistic heavy-ion collisions and in the interior of compact stars, two very different scenarios when isospin asymmetry is considered. While in heavy ion collisions (HIC) the proton fraction is presently not smaller than ∼ 0.4, much smaller proton fractions are expected in the interior of neutron stars. The effect of isospin/charge asymmetry in the QCD phase diagram has recently been discussed in [1] and it was shown that for a sufficiently asymmetric system the critical end point (CEP) is not present [1, 2] .
Another degree of freedom that must be considered when discussing the QCD phase diagram is strangeness. In the interior of a neutron star it is expected that strangeness is present in the form of hyperons, of a kaon condensate or of a core of deconfined quark matter. β−equilibrium is energetically favored and the Fermi pressure of neutrons is reduced if strangeness degrees of freedom are generated through the action of the weak interaction. On the other hand, the strong force governs heavy ion collisions.
The compact astrophysical objects known as magnetars [3] , which include soft gamma repeaters and anomalous x-ray pulsars, are expected to have very strong magnetic fields in their interior. Extremely strong magnetic fields are also expected to affect the measurements in heavy ion collisions at very high energies [4] or the behavior of the first phases of the Universe [5] . Fields of this intensity affect the QCD phase diagram as shown in [6] . Therefore, understanding the effect of an external magnetic field on the structure of the QCD phase diagram is very important, and this has already led to several studies [7] [8] [9] [10] [11] [12] [13] , in particular, at zero chemical potential µ = 0 (the T − eB plane); see [14] [15] [16] [17] for a review.
At zero chemical potential, almost all low-energy effective models, including the Nambu-Jona-Lasinio (NJL)-type models, as well as some lattice QCD (LQCD) calculations [18] [19] [20] [21] [22] , found an enhancement of the condensate due to the magnetic field (magnetic catalysis) independently of the temperature. However, more recently, LQCD studies [16, 23] , for N f = 2 + 1 flavors with physical quarks and pion masses, show a suppression of the light condensates by the magnetic field in the transition temperature region, an effect known as inverse magnetic catalysis [24] [25] [26] . Indeed, near the transition temperatures the condensate shows a nonmonotonic behavior decreasing with eB. Also interesting is the fact that new lattice QCD calculations report a rise of the Polyakov loop with eB at the pseudocritical temperature and eB 0.8 GeV 2 indicating an inverse magnetic catalysis [20] . However, as pointed out by the authors at a sufficiently strong magnetic field strength the magnetic catalysis is seen to be in agreement with almost all effective models that predict magnetic catalysis at any temperature and magnetic field strength, like the Nambu-Jona-Lasinio model with Polyakov loop (PNJL).
In [27] , it has been shown that within the entangled Nambu-Jona-Lasinio model with Polyakov loop (EP-NJL) [28] the inverse magnetic catalysis at µ = 0 could be reproduced with a magnetic field dependent parameter T 0 (eB) in the Polyakov loop. The magnetic field dependence of this parameter mimics the reaction of the gluon sector to the presence of an external magnetic field.
The inverse magnetic catalysis mechanism does not occur only at µ = 0 and large temperatures. This phenomenon has also been obtained at finite chemical potential and zero or low temperatures: the critical chemical potential for the phase transition decreases with increasing eB. This is, however, a region of the QCD phase diagram still not accessible to LQCD. In the NJL model the first studies were performed in Ref. [29] at T = 0 and in Ref. [30] for the full T − µ − B case. This effect has also been obtained in other models [6, 31] and is the result of a competition between the decrease of the free energy due to the condensation in the magnetic field and the increase of the free energy due to the accommodation of more valence quarks in the phase space [31] . In the present work, the same effect will be obtained. In this context, QCD-like models are very useful in the region of moderate temperature and chemical potential in the presence of an external magnetic field.
In the present work we investigate several scenarios of interest for the study of either heavy ion collisions or compact stars. We show how the CEP changes with the isospin asymmetry and confirm previous results obtained within other models that indicate that at sufficiently high asymmetry it does not exist [1, 2, 32] . We also consider the effect of strangeness in the QCD phase diagram by analyzing different chemical equilibrium conditions. Finally, we calculate the effect of an external magnetic field on the same scenarios previously discussed for a nonmagnetized system. It will be shown that the magnetic field, if sufficiently strong can drive a first order phase transition in an isospin asymmetric system at a quite low temperature. The discussion is performed within the 2+1 flavor PNJL [33] , and for reference some results calculated within the NJL model are also included.
II. MODEL AND FORMALISM
Most of the properties of the quark condensates in the presence of an external magnetic field were previously obtained with the two flavor version of the PNJL and EPNJL models [15, 34] . Recently, the effects of an external magnetic field on the fluctuations and correlations of the quark number and conserved charges, were studied in the 2+1 PNJL model [35] .
In the present work we describe the quark matter subject to strong magnetic fields within the 2+1 PNJL model. The PNJL Lagrangian with explicit chiral symmetry breaking where the quarks couple to a (spatially constant) temporal background gauge field, represented in terms of the Polyakov loop and in the presence of an external magnetic field is given by [33] 
where the quark sector is described by the SU(3) version of the NJL model which includes scalar-pseudoscalar (chiral invariant) and the t'Hooft six fermion interactions (that models the axial U (1) A symmetry breaking) [36] , with L sym and L det given by [37] 
T represents a quark field with three
is the corresponding (current) mass matrix, λ 0 = 2/3I where I is the unit matrix in the three flavor space, and 0 < λ a ≤ 8 denote the Gell-Mann matrices. The coupling between the (electro)magnetic field B and quarks, and between the effective gluon field and quarks is implemented via the covariant derivative
are used to account for the external magnetic field and
is the SU c (3) gauge field. We consider a static and constant magnetic field in the z direction,
In the Polyakov gauge and at finite temperature the spatial components of the gluon field are neglected:
The trace of the Polyakov line defined by
the Polyakov loop which is the exact order parameter of the Z 3 symmetric/broken phase transition in pure gauge.
To describe the pure gauge sector an effective potential U Φ,Φ; T is chosen in order to reproduce the results obtained in lattice calculations [38] ,
where
The standard choice of the parameters for the effective potential U is a 0 = 3.51, a 1 = −2.47, a 2 = 15.2, and
The parameter T 0 is the critical temperature for the deconfinement phase transition within a pure gauge approach: it was fixed to a constant T 0 = 270 MeV, according to lattice findings. Different criteria for fixing T 0 may be found in the literature, and one of them takes into account the quark backreaction effects on the Polyakov loop [39] . One should notice, however, that the behavior of the relevant physical quantities remains qualitatively the same.
The model being an effective one (up to the scale Λ QCD ) and not renormalizable, we use as a regularization scheme a sharp cutoff, Λ, in 3-momentum space, only for the divergent ultraviolet integrals. The parameters of the model, Λ, the coupling constants G and K and the current quark masses m [40] . The thermodynamical potential for the three flavor quark sector, Ω, in the mean field approximation is writ-ten as
where the vacuum Ω vac f , the magnetic Ω mag f , the medium contributions Ω med f and the quark condensates q f q f have been evaluated with great detail in [41, 42] .
To obtain the mean field equations we must minimize the thermodynamical potential (3) with respect to the order parameters q f q f , Φ andΦ.
III. THE CEP
In the present section different scenarios obtained by choosing different values of the isospin and the strangeness chemical potentials are discussed. In terms of the baryon, charge and strangeness chemical potentials,
and
No external magnetic field.-We first investigate the location of the CEP when no external magnetic field is present. We consider the models NJL and PNJL and the following different scenarios: Table I .
We next analyze Fig. 1 to compare the different scenarios. The NJL results are shown just for reference. As already discussed in [43] , the Polyakov loop shifts the CEP to higher temperatures and slightly smaller baryonic chemical potentials. Matter with the largest isospin asymmetry in this figure is represented by the β−equilibrium results. The β−equilibrium CEP occurs for one of the largest chemical potentials, only slightly below the one obtained for strange matter. However, it is interesting to see that for β−equilibrium the CEP comes at lower temperatures. The reason becomes clear when analyzing the right panel of Fig. 1 : the β−equilibrium matter being less symmetric is less bound and, therefore, the transition to a chirally symmetric phase occurs at In the following we analyze the effect of isospin asymmetry and we center our discussion on the PNJL model.
Isospin asymmetry.-In the previous section we have seen that the location of the CEP depends on isospin. In particular, it was shown that in β−equilibrium matter the CEP occurs at larger baryonic chemical potentials and smaller temperatures. To study in a more systematic way the effect of isospin on the CEP we take the s-quark chemical potential equal to zero and increase systematically µ d with respect to µ u . We are interested in the d-quark rich matter as it occurs in HIC and neutron stars: isospin asymmetry presently attained in HIC corresponds to µ u < µ d < 1.1µ u , and neutron matter has µ d ∼ 1.2µ u . Larger isospin asymmetries are possible in π − rich matter [2, 44] . In Fig. 2 the results for the CEP obtained for the set (µ d , µ u , µ s = 0) are shown. The red full point corresponds to the CEP with µ u = µ d = µ s . All other CEPs are calculated at µ s = 0, and they all occur for ρ s = 0. The corresponding densities (ρ u , ρ d , ρ s ) are given in Table II. Increasing the isospin asymmetry moves the CEP to smaller temperatures and larger baryonic chemical potentials (it can be understood with the same reasons as previously for β−equilibrium case). Eventually, for an asymmetry large enough the CEP disappears. The threshold corresponds to µ d = 1.45µ u and is represented in the graph by a star at T = 0. This scenario corresponds to |µ u − µ d | = |µ I | = |µ Q | = 130 MeV, below the pion mass and, therefore, no pion condensation occurs under these conditions. The effect of pion condensation on the QCD phase diagram for finite chemical potentials has recently been discussed in [2, 28] . We also remark that in [1] , where the effect of isospin on the QCD phase diagram has also been discussed, a larger isospin chemical potential corresponds to smaller baryonic chemical potential due to the definition of the baryonic chemical potential: in [1] , the study was performed within the SU(2) quark-meson model and the relation µ B = 3µ q = 3 2 (µ u + µ d ) was used; in the present work we get from Eq. (4) µ B = µ u + 2µ d . In both works the temperature of the CEP decreases when the isospin asymmetry increases. In the left panel of Fig. 2 , the CEP is shown for T versus the baryonic density. For µ u < µ d < 1.2µ u the baryonic density of the CEP decreases with asymmetry but for µ d 1.2µ u the opposite occurs and at the threshold (µ d = 1.45µ u ) ρ B ∼ 1.91ρ 0 ; see Table II .
External magnetic field.-In the following we study the effect of a static external magnetic field on the localization of the CEPs [45] previously calculated and plot the results in Fig. 3 . The values for the CEPs are given in Table III . The red dots correspond to symmetric matter with µ u = µ d = µ s and reproduce qualitatively the results previously obtained within the NJL in [6] to the PNJL model. The trend is very similar: as the intensity of the magnetic field increases, the transition temperature increases and the baryonic chemical potential decreases until the critical value eB ∼ 0.4 GeV 2 . For stronger magnetic fields both T and µ B increase. In the middle panel of Fig. 3 the CEP is given in a T versus baryonic density plot. It is seen that when eB increases from 0 to 1 GeV 2 the baryonic density at the CEP increases from 2ρ 0 to 14ρ 0 .
Taking the isospin symmetric matter scenario µ u = µ d and µ s = 0, the effect of the magnetic on the CEP is very similar to the previous one (see blue triangles in Fig. 3) : T is only slightly larger and the CEP baryonic density slightly smaller.
A very interesting case occurs for the very asymmetric matter scenario: a first order phase transition driven by the magnetic field takes place if µ d 1.45µ u . Taking the threshold value µ d = 1.45µ u it is seen that for eB <0.1 GeV 2 two CEPs may appear. In fact, for sufficiently small values of eB the T CEP is small and the Landau level effects are visible. A magnetic field affects in a different way u and d quarks due to their different electric charges. A consequence is the possible appearance of two or more CEPs for a given magnetic field intensity. Two critical end points occur at different values of T and µ B for the same magnetic field intensity for fields 0.03 eB 0.07 GeV 2 . Above 0.07 GeV 2 only one CEP remains. For stronger fields we get T CEP > 100 MeV: Landau level effects are completely washed out at these temperatures. In the lower panel of Fig. 3 we plot the u and d quark fractions corresponding to each CEP at different magnetic fields and for µ d = 1.45µ u versus the baryonic density: it is seen that as the magnetic field becomes more intense the fraction of u quarks comes closer to the d quark fraction. This is due to the larger charge of the u quarks and the fact that the quark density is proportional to the absolute value of the charge times the magnetic field intensity.
The right panel of Finally, it is also important to point out that all three scenarios presented in Fig. 3 show an inverse magnetic catalysis at finite chemical potential and zero temperature once the critical temperature decreases with increasing eB [46] . However, at large values of eB the inverse magnetic catalysis tendency disappears and a magnetic catalysis takes place.
IV. CONCLUSIONS
In the present study the location of the CEP on the QCD phase diagram was calculated within different scenarios in the framework of the SU(3) PNJL model. For reference some results obtained within the NJL model have also been shown.
Different scenarios have been considered, namely with respect to the isospin and strangeness content of matter. It was shown that for β-equilibrium matter the CEP occurs at smaller temperatures and densities. This scenario is of interest for neutron stars. However, the T CEP calculated within PNJL seems too high to occur in a protoneutron star. These results, however, confirm previous calculations that indicate that a deconfinement phase transition in the laboratory will be more easily attained with asymmetric nuclear matter [44, 47] . It was shown that for very asymmetric matter, in particular for µ d > 1.4µ u , no first order phase transition to a deconfined phase occurs. The disappearance of the CEP above a critical isospin chemical potential was also obtained in [2] where a Ginzburg-Landau approach was used to study the QCD phase structure.
We have next studied the effect of strong magnetic fields on the location of the CEP, generalizing the results of [6] to new nonsymmetric scenarios. For a zero s-quark and null isospin chemical potential, results very similar to the equal chemical potentials case were obtained. A more interesting situation was observed when analyzing very isospin asymmetric matter: in this case starting from a scenario having an isospin asymmetry above which the CEP does not exist for a zero external magnetic field it was shown that a sufficiently high external magnetic field could drive the system to a first order phase transition. The critical end point occurs at very small temperatures if eB < 0.1 GeV 2 and, in this case, a complicated structure with several CEP at different values of (T, µ B ) is possible for the same magnetic field, because the temperature is not high enough to wash out the Landau level effects. For eB > 0.1 GeV 2 only one CEP exists. This is an important result because it shows that a strong magnetic field is able to drive a system with no CEP into a first order phase transition. In the present study we have explored the possibility that this occurs in a very isospin asymmetric system. A quite different situation could also give rise to a similar result: it has been shown that including a vector repulsive term in the quark model Lagrangian density it is possible to obtain a phase diagram with no first order chiral phase transition [1, 48] . We may expect that a strong enough field would drive the system into a first order phase transition. This behavior would go along the results obtained in [49] .
It has been shown that at zero baryonic chemical potential lattice QCD calculations predict a decreasing deconfinement critical temperature with an increase of eB [16] . This behavior is not obtained within PNJL model [27] . Therefore, in order to confirm the present results it is important to include possible back reaction effects of the external magnetic field on the Polyakov loop.
